Introduction
============

One of the most remarkable capacities of the mind is its ability to simulate sensations, movements, and other types of experience. In most occasions, mentally imagining is like perceiving in the absence of the corresponding sensory information. In other words, imagining involves "seeing" with the "mind's eye," "hearing" with the "mind's ear," and so on for each sensory modality (Kosslyn, [@B98]). Accordingly, mental imagery is a multimodal construct which consists of either recalling previously perceived images or feelings, or envisaging forthcoming events. Within this construct, "motor imagery" (MI) refers to the mental representation of an action without engaging in its actual execution. MI involves an integrated covert simulation of physical movement, and may be defined as a dynamic mental state during which the representation of a given motor act is rehearsed in working memory without any overt motor output (Decety and Grezes, [@B29]; Collet and Guillot, [@B20]).

The vast majority of experimental investigations dealing with the MI experience primarily focused on visual and kinesthetic imagery (KI). While visual imagery (VI) refers as to the visualization of an action, KI involves the sensations of how it feels to perform an action, including the force and effort perceived during movement and balance (Callow and Waters, [@B15]), hence suggesting to consider the body as a generator of forces (Jeannerod, [@B84]). Interestingly, previous data showed that KI was close to motor execution, with an extensive overlap of the corresponding neural networks (Solodkin et al., [@B181]). Other researchers introduced the concept of imagery perspective and further distinguished between first- and third-person VI perspectives. During the first-person perspective, performers visualize the action as how would happen in the real-life situation, while in the third-person perspective, they imagine, as spectators, the action that somebody is performing, regardless of the agency of the movement (i.e., whether they, "see" themselves or others). Although there is some confusion in the usage of these terms in many studies (Moran et al., [@B137]), a considerable amount of experimental research suggests that MI is a valuable and cost-effective technique to improve motor performance and to enhance motor recovery (see reviews by Driskell et al., [@B39]; de Vries and Mulder, [@B27]; Guillot and Collet, [@B59]; Munzert et al., [@B141]).

Despite the preceding evidence on the efficacy of MI, several unresolved issues have emerged with regard to the neural underpinnings of this construct. More precisely, little agreement exists among imagery researchers as to the extent to which the neural substrates of MI overlap with those of actual practice. Also, little evidence exists on the question of whether or not motor commands are inhibited during imagined movements (Kasess et al., [@B93]). Nevertheless, certain trends exist in the relevant literature. For example, the pattern of electromyographic (EMG) activity during MI generally supports the hypothesis of residual muscle activity which might originate from an incomplete inhibition of the motor command (Jeannerod, [@B84]). Similarly, transcranial magnetic stimulation (TMS) experiments also support this assumption by delineating the features of corticospinal facilitation during MI (Stinear, [@B182]). Finally, clinical studies show that some patients with specific brain damage fail to inhibit the motor action associated with its mental representation, and thus fully "execute the imagined action," hence highlighting uninhibited movements during mental rehearsal. Data in amputees, patients with spinal cord injury (SCI) and Parkinson's disease (PD) further contribute to theoretical understanding of how the motor command is inhibited during MI.

Against this background, the present paper aims to examine these issues and provide deeper evidence that MI includes motor commands for muscle contractions, which are blocked at some level of the motor system by inhibitory mechanisms. On some occasions (e.g., in sport settings), individuals may retain the potential to move while imagining an action, e.g., miming unambiguously some parts of movement execution while rehearsing the imagined movement. These situations raise an important but neglected question: How does the brain resolve the paradox whereby it is required to issue the motor command needed for action when MI is performed, while concurrently issuing an inhibitory command when the person is moving during MI?

Neural Correlates of Motor Imagery
==================================

Understanding the neural correlates of motor performance and MI has been an important purpose of brain studies since the advent of neuroimaging techniques. Considerable experimental evidence has accumulated to suggest that movement execution and MI share substantial overlap of active brain regions (for review, see Guillot et al., [@B62]). Such apparent functional equivalence supports the hypothesis that MI draws on the similar neural networks that are used in actual perception and motor control (Jeannerod, [@B84]; Grezes and Decety, [@B57]; Holmes and Collins, [@B79]). Moreover, MI can also activate neural circuits used during tasks investigating memory and emotion (Kosslyn et al., [@B99]). As we will see, however, the neural networks underlying these behavior are not strictly identical. This is because when performing MI, participants are aware that movement will not be performed, and therefore that motor commands must be inhibited.

Neuroimaging studies provided preliminary evidence that motor-related areas of the brain (e.g., the ventral and dorsal parts of the premotor cortex, as well as the supplementary motor area -- SMA) and subcortical areas including the cerebellum and the basal ganglia, are active during MI of both simple and complex movements (e.g., Lotze and Halsband, [@B121]; Guillot et al., [@B60]; Munzert et al., [@B141]). Furthermore, research suggests that MI activates a subset of areas required for movement execution (Macuga and Frey, [@B128]), thus leading to a partial overlap in the corresponding neural networks. The contribution of the contralateral primary motor cortex (cM1) to imagined actions is more controversial, however (for reviews, see Lotze and Halsband, [@B121]; Munzert et al., [@B141]; Lotze and Zentgraf, [@B123]). Whereas some researchers did not report cM1 activations during MI (e.g., Gerardin et al., [@B54]; Hanakawa et al., [@B69]), others found fleeting involvement (Dechent et al., [@B31]) or significant activation (Lotze et al., [@B120]; Porro et al., [@B149]; Solodkin et al., [@B181]; Guillot et al., [@B60]; Sharma et al., [@B173]). Such discrepancies may be due to methodological differences and difficulties in monitoring compliance with MI instructions (Sharma et al., [@B174]). Interestingly, Ehrsson et al. ([@B43]) showed that the content of MI was reflected in the pattern of motor cortical activation, as MI of hand, foot, and tongue movements specifically activated the corresponding hand, foot, and tongue sections of cM1. Additional evidence indicates that activation of cM1 might be differentially influenced by MI instructions, MI ability, and motor expertise (Lotze and Zentgraf, [@B123]). Taken together, the bulk of neuroimaging studies suggest that cM1 is activated during MI -- but more weakly than during actual movement. Interestingly, Kasess et al. ([@B93]) reported that SMA may substantially contribute to inhibit activity of cM1 during MI.

Activation of parietal areas including the inferior and superior parietal lobules, as well as the precuneus, was also frequently reported during MI (Gerardin et al., [@B54]; Hanakawa et al., [@B70]; Guillot et al., [@B61]; Munzert et al., [@B141]). Experimental studies in patients with parietal lesions further support that these structures are critically involved in the generation and guidance of mental images, including the ability to achieve temporal congruence between MI and motor performance (Sirigu et al., [@B179]; Malouin et al., [@B129]).

The patterns of neural activity underlying imagery types (e.g., VI vs. KI) and imagery perspectives (first-person vs. third-person imagery) are partially mediated through separate neural systems. For instance, Solodkin et al. ([@B181]) investigated neural networks associated with physical execution, VI, and KI of hand movements. Although some shared neural substrates were evident between these processes, differences were found in the inputs received from the superior parietal lobule. Specifically, inputs from SMA to cM1 were lower to those observed during motor execution (Gao et al., [@B51]). In a single group of participants with high MI abilities, Guillot et al. ([@B61]) showed that VI activated predominantly the visual pathways including the occipital regions and the precuneus, whereas KI involved mainly motor-associated structures and the inferior parietal lobule.

Neuroimaging studies have also shown that the neural networks underlying MI differ as a function of both individual expertise level and imagery ability. For instance, an inverse relationship between the pattern of brain activity and expertise level has been reported (Ross et al., [@B159]; Milton et al., [@B136]) with decreased activations in the SMA, the cerebellum, and the basal ganglia. More recent work by Guillot et al. ([@B60]) confirms that the neural networks mediating MI partially differ as a function of imagery ability. Specifically, whereas strong imagers tended to show activation in the parietal and ventrolateral premotor regions, weaker imagers tended to recruit the cerebellum, the orbito-frontal, and posterior cingulate cortices. In both cases, however, dynamic brain changes were found to become more refined and circumscribed with imagery/physical practice (PP) -- a trend which was also evident during the learning process of motor tasks.

In summary, neuroimaging research clearly demonstrates that MI and motor performance of the same task share certain neural substrates but the overlap is incomplete. Furthermore, data challenge the assumption that neural activity is described as being in all of the same areas as execution, albeit to a lesser extent. As expected, some areas that are active during motor performance are not involved during MI. Although less common, the converse is also true, with some regions being more strongly and/or selectively activated during MI compared to actual execution of the same movement (e.g., the pre-SMA -- e.g., Hanakawa et al., [@B69]). From the preceding evidence, we conclude that the main difference between MI and motor performance is probably that MI involves the *inhibition* of some motor commands triggering movements -- although the neural *level* at which the motor command is stopped has not yet been clearly identified. To address this latter issue, we believe that EMG recordings may provide a reliable means to investigate whether or not the brain activation recorded during MI actually originate from mental representation -- as opposed to the potential motor activity that could have accompanied the task. In a similar vein, TMS can be used to explore the degree to which MI modulates both corticomotor excitability and intracortical inhibition.

Muscle and TMS Activity during Imagined Actions
===============================================

EMG correlates of motor imagery
-------------------------------

A great amount of experimental data has been collected on the physiological operations involved during MI (Table [1](#T1){ref-type="table"}) -- notably the peripheral muscular activity which may occur during the mental representation of an action (Guillot et al., [@B63]). Since the pioneering work of Jacobson ([@B82], [@B83]), who provided the first scientific evidence that MI of bending the arm produced small contractions of the flexor arm muscles, debate has existed on whether or not MI is accompanied by subliminal muscle contractions.

###### 

**Studies investigating the EMG activity during motor imagery**.

  Study                                              Number of participants                          Motor task                                                                                                       Main findings
  -------------------------------------------------- ----------------------------------------------- ---------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **LACK OF MUSCLE ACTIVITY DURING MOTOR IMAGERY**                                                                                                                                                                    
  Decety et al. ([@B30])                             *n* = 6                                         Leg contraction to press and release a loaded footplate                                                          No change in phosphocreatine concentration or in pH during motor imagery
  Demougeot and Papaxanthis ([@B33])                 *n* = 17                                        Vertical arm movements                                                                                           No arm muscle activation during motor imagery
  Gentili et al. ([@B53])                            *n* = 40                                        Pointing arm movement                                                                                            No EMG activity during motor imagery
  Gerardin et al. ([@B54])                           *n* = 8                                         Auditory-cued hand movements                                                                                     Surface EMG did not detect any muscle activity during motor imagery
  Gueugneau et al. ([@B58])                          *n* = 9                                         Pointing arm movement                                                                                            No EMG activity during motor imagery
  Hanakawa et al. ([@B69])                           *n* = 13                                        Finger tapping sequence                                                                                          Surface EMG was monitored during fMRI recordings to confirm the absence of muscle activity during motor imagery
  Jackson et al. ([@B81])                            *n* = 9                                         Foot sequence task                                                                                               No significant difference in the EMG signal between imagery and baseline conditions, showing that the patterns of cerebral activation during fMRI recordings are not due to movements
  Kleber et al. ([@B95])                             *n* = 16                                        Singing of an Italian aria                                                                                       No difference between baseline and imagined singing
  Lafleur et al. ([@B103])                           *n* = 9                                         Foot sequence task                                                                                               EMG recordings showed no change in muscle activity during scans compared to baseline levels
  Lim et al. ([@B112])                               *n* = 13                                        Arm movement                                                                                                     No EMG activity during motor imagery
  Lotze et al. ([@B120])                             *n* = 10                                        Making a fist                                                                                                    Low EMG activity, which did not differ from the baseline, was a precondition before fMRI recordings
  Lotze et al. ([@B122])                             *n* = 16                                        Performance of Mozart's violin concerto in G major                                                               No observable differences between motor imagery and rest
  Mulder et al. ([@B140])                            *n* = 37                                        Abduction of the big toe                                                                                         No EMG activity during motor imagery
  Mulder et al. ([@B139])                            *n* = 31                                        Squat movements with additional weights                                                                          EMG activity recorded during motor imagery did not differ from baseline
  Naito et al. ([@B143])                             *n* = 10                                        Palmar flexion and dorsiflexion of the wrist                                                                     No EMG activity in the motor imagery condition
  Personnier et al. ([@B148])                        *n* = 28                                        Arm movements in the sagittal plane                                                                              Muscle activation patterns are very similar between motor imagery and rest conditions
  Ranganathan et al. ([@B155])                       *n* = 30                                        Isometric little finger abduction and elbow flexion                                                              Muscle activity during motor imagery was near zero
  Roosink and Zijdewind ([@B158])                    *n* = 20                                        Finger tapping sequence                                                                                          No EMG activity during motor imagery
  Shick ([@B176])                                    *n* = 10                                        Volleyball serve skill                                                                                           No EMG activity during motor imagery
  Yahagi et al. ([@B205])                            *n* = 7                                         Wrist flexion                                                                                                    No EMG activity during motor imagery
  Yue and Cole ([@B206])                             *n* = 30                                        Isometric little finger abduction                                                                                No EMG activity during motor imagery
  Zijdewind et al. ([@B208])                         *n* = 29                                        Ankle plantar-flexion                                                                                            No EMG activity during motor imagery in the majority of the participants. When little EMG activity was recorded, participants were asked to concentrate until being able imagining the movement without muscle activation
  **MUSCLE ACTIVITY DURING MOTOR IMAGERY**                                                                                                                                                                            
  Bird ([@B7])                                       *n* = 5                                         Motor imagery of a past athletic event (including riding, rowing, swimming, water skiing, and basketball)        The EMG configuration during motor imagery mirrored that observed during actual practice
  Bonnet et al. ([@B8])                              *n* = 26                                        Foot pressure on a pedal                                                                                         EMG activity weakly increased during motor imagery
  Boschker ([@B9]) Bakker et al. ([@B4])             *n* = 39                                        Arm lifting movements (biceps curls)                                                                             Significant EMG activity is recorded in the muscles contributing to the contraction. Greater muscle activity in the active than in the passive arm, and greater biceps activity when imagining lifting a heavy compared to a light weight
  Dickstein et al. ([@B36])                          *n* = 15                                        Rising on tiptoes                                                                                                EMG activity was recorded in six participants in at least one of the target muscles
  Gandevia et al. ([@B50])                           *n* = 12                                        Range of simple and complex movements (e.g., flexions/extensions, handwriting, walking, threading a needle...)   Imagery increased background EMG in the involved muscles. In some occasions, spindle discharge also increased
  Guillot et al. ([@B64])                            *n* = 30                                        Biceps dumbbell curls                                                                                            The magnitude of EMG activity is correlated to the mental effort required to imagine the movement. EMG patterns during imagery of concentric, isometric, and eccentric contractions mirror those observed during actual movements. EMG activity is recorded in agonist, antagonist, synergist, and fixator muscles
  Hale ([@B67])                                      *n* = 48                                        Biceps dumbbell curls                                                                                            Internal imagery perspective produced greater biceps activity than the external imagery perspective
  Harris and Robinson ([@B72])                       *n* = 36                                        Arm lifting                                                                                                      Significant EMG activity is recorded in the muscles contributing to the contraction. Greater EMG activity during the first-person than during the third-person perspective
  Hashimoto and Rothwell ([@B73])                    *n* = 9                                         Wrist flexion and extension                                                                                      Larger EMG responses in flexor and extensor muscles during imagined flexions and extensions, respectively
  Jacobson ([@B82], [@B83])                          The number of participants varied among tasks   Biceps dumbbell curls, bending the forearm, sweeping, climbing a rope                                            EMG activity was recorded in the specific muscle involved with the imagined activity
  Jowdy and Harris ([@B89])                          *n* = 38                                        Juggling task                                                                                                    Increased muscle activity during motor imagery. No effect of the imagery ability on the magnitude of muscle activity
  Lebon et al. ([@B105])                             *n* = 30                                        Biceps dumbbell curls                                                                                            The median frequency of EMG power spectrum in agonist and antagonist muscles was significantly higher during motor imagery than during baseline
  Li et al. ([@B108])                                *n* = 9                                         Flexion and extension movements of the fingers                                                                   EMG activity was recorded in the finger flexors in four participants
  Livesay and Samaras ([@B113])                      *n* = 30                                        Tightly squeezing a hand-size rubber ball                                                                        Increased EMG activity in the dominant forearm
  Lutz and Linder ([@B126])                          *n* = 160                                       Dart throwing                                                                                                    Greater biceps EMG activity was recorded when imagery instructions included assertions about behavior, such as motor actions and visceral responses
  Shaw ([@B175])                                     The number of participants varied among tasks   Range of complex movements (e.g., flexions/extensions, handwriting, walking, threading a needle...)              Increased EMG activity during motor imagery was distributed across different muscle groups including those not directly related to the corresponding movement
  Slade et al. ([@B180])                             *n* = 60                                        Biceps dumbbell and manipulandum curls                                                                           EMG activity was significantly greater for both curls in the active arm during motor imagery when compared to baseline
  Suinn ([@B190])                                    *n* = 1                                         Skiing a downhill race                                                                                           Recorded muscle patterns were strikingly similar to those observed during actual practice
  Wehner et al. ([@B201])                            *n* = 27                                        Contour tracking arm task                                                                                        Similar frequency distribution in the power spectrum during actual practice and motor imagery

Muscle quiescence during MI has been reported in many experimental studies (e.g., Yue and Cole, [@B206]; Decety et al., [@B30]; Lotze et al., [@B120]; Mulder et al., [@B139]). Interestingly, the lack of EMG activity during MI was sometimes considered a precondition prior to engaging in MI practice (Michelon et al., [@B135]). On some occasions, EMG data were even recorded during scanning sessions *per se*, to demonstrate that variations of cerebral blood flow were directly related to the mental work and not to any concomitant movement (e.g., Gerardin et al., [@B54]; Jackson et al., [@B81]; Lotze et al., [@B122]; Hanakawa et al., [@B69]). In sum, these results seem to suggest that MI involves the intention of *not* executing the movement, with strong inhibitory mechanisms blocking the motor command.

Conversely, similar EMG activity has been observed during overt motor execution and MI conditions, with a reduced magnitude in the simulated action (e.g., Jowdy and Harris, [@B89]; Hashimoto and Rothwell, [@B73]). Gandevia et al. ([@B50]) further demonstrated that not only MI did activate the alpha motoneurons, but that the skeletomotor discharge was also accompanied by recruitment of spindle afferents when the covert contraction was sufficiently strong. Furthermore, there is evidence of increasing EMG activity accompanying imagined mental effort (Boschker, [@B9]; Slade et al., [@B180]; Guillot et al., [@B64]). Finally, EMG activity has been observed not only in agonistic muscles, but also in antagonistic muscles, as a function of both the weight to be lifted (Bakker et al., [@B4]) and the muscle contraction type (Guillot et al., [@B64]). In this latter study, the authors found that the subliminal muscle responses during MI of concentric, isometric, and eccentric contractions typically mirrored the configuration of the EMG activity recorded during actual practice. These data support the hypothesis that muscle activity recorded during MI is not a general tonic activation but reflects the content of the specific motor command of the movement that is mentally rehearsed. According to Jeannerod ([@B84]), an incomplete inhibition of the motor command could provide a valid explanation for these muscle discharges. So, it seems that imagined movements produce a qualitatively similar, but quantitatively smaller, drive to muscles compared with actual motor execution, thereby suggesting that a small part of the motor command is actually sent to the effectors during MI. Interestingly, Solodkin et al. ([@B181]) argued that both the supplementary motor area and the lateral premotor cortex might also play a role in increasing muscle tone during MI -- especially during KI. This speculation is plausible given that these brain regions have direct projections to spinal cord through the internal capsule, adjacent to the well-known corticospinal path originating from cM1 (Luppino et al., [@B125]; Morecraft et al., [@B138]).

Inconsistencies in the reports of concomitant EMG activity in the muscles participating in the movement during MI might be explained by differences in the experimental designs, as well as by the nature of the EMG recordings (Guillot et al., [@B63]). For instance, EMG activity might not be discernible due to the use of surface EMG electrodes and intramuscular electrodes should ideally be preferred, although intrusive and thus rarely used in MI experiments (except in the case of Gandevia et al., [@B50]). Analogously, the effect of the muscle contraction type, the intensity of the mental effort, and the intrinsic nature of MI may also contribute to understand why EMG activity was not systematically reported. Finally, with few exceptions, studies reporting a lack of EMG activity primarily investigated laboratory movements, whereas those experiments providing evidence of a muscle activity during imagery included more goal-related movements (e.g., skills in sport). Experimental data reporting muscle activity only in a part of the tested sample (Li et al., [@B108]; Dickstein et al., [@B36]) lend support to the fact that muscle activity was not systematically discernible due to such confounding factors. Interestingly, the pattern of muscle activation has never been found to match the usual triphasic sequence generated during actual motor performance (Murphy et al., [@B142]). Furthermore, although traditional psychoneuromuscular theory (Carpenter, [@B16]) postulated that muscle activity recorded during MI might generate slight neuromuscular feedback, strong enough to improve subsequent motor performance through priming of the motor pathways, there is no direct evidence that muscle activation during MI is associated with improved motor performance. In other words, research has not yet demonstrated that the increase in muscle activity fully contributes to performance enhancement, but EMG recordings support that the motor command is actually prepared, and then blocked by inhibitory processes, during MI.

Corticospinal facilitation patterns during MI
---------------------------------------------

Transcranial magnetic stimulation activates neurons trans-synaptically (Rothwell, [@B161]) and allows the study of corticospinal facilitation (i.e., the level of excitability of the corticomotor pathway). Typically, the motor evoked potential (MEP) elicited by a suprathreshold TMS pulse delivered to cM1 is recorded at the peripheral level, using surface EMG. The development of repetitive pulse TMS protocols has allowed the study of intracortical facilitation and inhibition, and also helps to delineate excitatory and inhibitory interactions between different brain regions mediating motor control (Reis et al., [@B157]). In this section, we review some TMS studies suggesting that MI involves elaboration of motor command signals at the CNS level. We also discuss the extent to which MI activates the descending somatic motor pathways originating from pyramidal neurons and projecting toward the alpha motoneurons pool. Finally, we consider the recent hypotheses emerging from TMS findings regarding motor inhibition during MI.

CNS activity during MI and PP enables researchers to understand whether MI effectively involves motor commands processing. TMS studies provided converging evidence that MI increases the corticomotor excitability (Stinear, [@B182]). Excitability changes within motor cortical areas during MI, including reduced intracortical inhibition, are analogous to those observed during motor preparation and execution (Abbruzzese et al., [@B1]; Kumru et al., [@B101]). Intracortical inhibitory interneurons are known to play an essential role in the shaping of motor commands (Stinear and Byblow, [@B183]). This phenomenon is thought to mirror an analogous motor activity at the cortical level during both tasks. Contrary to PP, intracortical inhibition of cM1 is not entirely removed during MI (Kumru et al., [@B101]). In general, whilst MI involves improved cortical facilitation and reduced intracortical inhibition, it does so with reduced amplitude compared to PP (Clark et al., [@B18]; Leonard and Tremblay, [@B107]). It has been suggested that the CNS manages to keep corticospinal facilitation below the motor threshold for activating the alpha motor neurons pool during MI (Stinear, [@B182]).

Does cortical activity during MI effectively reflect shaping of motor output -- which may require motor inhibition? Firstly, corticospinal facilitation during MI is effector-specific according to MI content (Kasai et al., [@B92]; Stinear and Byblow, [@B183], [@B185]). The motor threshold in muscles involved into MI content is lower, while the amplitude of the subsequent MEP is higher (Facchini et al., [@B45]). By contrast, MEPs elicited in non-involved muscles remain unaffected (Facchini et al., [@B45]; Stinear and Byblow, [@B184]; Quartarone et al., [@B151]). Furthermore, Leonard and Tremblay ([@B107]) demonstrated that the muscle-specific pattern of corticospinal facilitation during MI was altered in aging populations, thus reflecting individual ability to shape motor output coding for isolated finger movements. Corticospinal facilitation during MI is also graded upon the extent to which the muscle is actually recruited during the corresponding motor performance (Yahagi and Kasai, [@B204]). Liang et al. ([@B110]) further reported that corticospinal facilitation during MI of wrist flexions mirrored the synergic pattern of muscle activity produced by PP, a key feature of the motor command (see also Kasai et al., [@B92], for results suggesting preservation of agonist-antagonist patterns of muscle activations during MI). Likewise, using TMS evoked muscle twitch, Li et al. ([@B109]) reported that MI of finger flexion preserved the unintended functional coupling in strength response between the digits, described as the "enslaving effect" (Zatsiorsky et al., [@B207]). Further, Facchini et al. ([@B45]) observed that only MI of contralateral thumb abduction, but not ipsilateral, facilitated MEPs in the contralateral effector. This result supports the idea that MI reproduces the hemispheric specificity with regards to cM1 enrollment during imagination of lateralized movements. Finally, Fadiga et al. ([@B46]) observed that MI of elbow flexion/extension increased MEPs in the biceps brachii merely during the timing portions of MI corresponding to the arm flexion, thus suggesting that corticospinal facilitation during MI matched the temporal features of physical performance.

To summarize, the accumulating evidence appears to suggest that the corticospinal facilitation is highly specific to the motor task. Increased corticomotor excitability during MI may not be a result of a general state of arousal due to execution of cognitive operations (Rossini et al., [@B160]; Clark et al., [@B18]; Fourkas et al., [@B48]), but instead due to the demands of the internal processing of motor output (Stinear, [@B182]).

As mentioned previously, most features of corticospinal facilitation during MI suggest internal elaboration of neural signals for muscle contractions. It is generally assumed that increased corticospinal facilitation during MI reflects analogous involvement of cM1 between MI and PP (Stinear, [@B182]). However, such increased corticomotor excitability may also reflect more general changes in the balance between excitatory and inhibitory impulses, which can occur at different stages of the somatic motor system. Understanding how the centrally shaped motor output is inhibited during MI initially requires further analysis of the extent to which CNS excitability changes (due to MI) affect the descending motor pathways. For instance, one may question whether corticospinal facilitation during MI involves the motor system at the spinal level. Yahagi et al. ([@B205]) addressed this issue and observed that whilst MI of wrist flexions facilitated the MEPs in the flexor carpi radialis, no change was recorded in the H-reflex surface EMG traces evoked by electrical stimulation, thus revealing that corticospinal facilitation during MI occurred without any change in spinal excitability. This finding was replicated in several studies investigating changes in H-reflex during MI, in combination with TMS (Kasai et al., [@B92]; Hashimoto and Rothwell, [@B73]; Patuzzo et al., [@B147]). F-waves elicited by peripheral nerve transcutaneous electrical stimulation provide an objective measurement of spinal excitability, without interference from descending neural impulses of cerebral origin (e.g., cerebral spontaneous regulation of spinal reflexes). Rossini et al. ([@B160]) reported a 9.8--14% increase in F-waves amplitude during MI of index and little finger abduction. These robust results challenge previous observations where no change in F-waves was recorded during MI of finger actions (Facchini et al., [@B45]; Stinear and Byblow, [@B183]; Stinear et al., [@B186]). However, in the two movements investigated by Rossini et al. ([@B160]), only MI of finger abduction elicited a slight increase by 5.9% in the TMS evoked MEP with no change recorded in the MEP latencies when compared to a non-motor mental activity (mental arithmetic). Rossini et al. ([@B160]) stated that while MI may have increased spinal motoneuronal excitability, corticospinal facilitation during MI primarily reflected changes of cortical origin. Consequently, TMS data suggest the analogous involvement of cM1 into motor command processing during both MI and PP. Both tasks elicit excitability changes at the cortical level (Kasai et al., [@B92]; Abbruzzese et al., [@B1]; Patuzzo et al., [@B147]; Stinear and Byblow, [@B185]), whereas there is a paucity of robust TMS evidences of excitability changes at the spinal level. Consequently, TMS results indicate that inhibition during MI might intervene during the early stages of motor processing. Several neuroimaging findings support this contention, revealing that specific cortical and subcortical sites could contribute to prevent overt motor processing during MI (Lotze et al., [@B120]; Kasess et al., [@B93]).

Challenges to these TMS-based accounts of motor inhibition during MI come from some EMG studies. For example, Bonnet et al. ([@B8]) reported the sharp increase of both H- and T-reflexes during MI of strong foot pressure above a pedal. In this study, T-reflexes displayed a highly specific pattern of facilitation (i.e., lateralized and graded depending on the stimulated movement) which was not observed in H-reflexes facilitation. Bonnet et al. ([@B8]) argued that MI elicited both spinal and spindle activation in the task-relevant corresponding effectors. This finding was replicated in studies reporting increased H-reflexes excitability during MI (Hale et al., [@B68]). As mentioned above, Gandevia et al. ([@B50]) reported increased activity from spindle afferents using microneurographic recordings from the relevant muscles. The authors concluded that MI recruited both motor units and afferent spindles. Their results further demonstrated that, in some cases, the motor commands built up during MI might reach the muscle level and elicit neural feedback from muscle receptors. Gandevia et al. ([@B50]) therefore stated that MI may consist of "*unintentional performance of (*...*) planned motor task*," hence suggesting that somatic activity during MI might account for the observed effects of MI training on motor performance, through reinforcement of motor output conduction throughout the neuromuscular system (Gandevia, [@B49]).

Experimental studies also support the central elaboration of motor commands during MI. For example, both EMG and TMS findings support for the role of concurrent indirect information concerning motor inhibition during MI. Firstly, EMG data indicate that a residual motor command can be partially addressed to peripheral effectors during MI. Secondly, TMS findings suggest that the motor system keeps the facilitation of the corticomotor pathways below the motor threshold, in spite of a highly action-specific pattern of arousal. These two ways of understanding motor inhibition during MI could also represent different ways of analyzing a multimodal process: specific interactions between cerebral regions could result in the transmission of a residual motor command toward the descending volleys, whilst interactions between cerebral sites and/or spinal influences could keep corticospinal excitability below the motor threshold. For instance, a recent TMS finding asserts that the ipsilateral inferior parietal lobe might exert an inhibitory influence on cM1 during MI (Lebon et al., [@B104]).

Motor Inhibition
================

Earlier in this paper, we showed that motor performance and MI are mediated by distinct neural networks, despite an extensive overlap between KI and PP. In particular, while mental operations of motor planning and programming are actually performed during MI, motor commands must be inhibited before being sent to peripheral effectors within the descending pathways. This inhibition process aims at preventing the performer from engaging in any movement during mental rehearsal. However, we previously underlined significant differences in cerebral activations elicited by MI and actual movement (Hanakawa et al., [@B69]), some of which being probably responsible of the inhibition of motor commands. Interestingly, Schwoebel et al. ([@B170]) described unique behavior from a patient with bilateral parietal lesions. When imagining hand movements, the patient simultaneously executed the imagined motor act but without being aware of the movements. Surprisingly, these movements were also significantly more accurate than volitional movements. The findings from this clinical case study are consistent with previous accounts suggesting that MI may normally involve the inhibition of movements.

Most studies dealing with MI generally give information about the inhibition of motor commands by providing EMG recordings. This is a reliable means to ensure that brain activation recorded during MI actually comes from mental representation and not from potential motor activity that could have accompanied the mental task. Thus, EMG recordings during MI should be comparable to those that occur during rest. However, a common challenge is that across most investigations, MI and rest conditions are rarely accurately compared. Guillot et al. ([@B64]) observed significant increased pattern of EMG activity in all muscles of the arm, forearm, and even shoulder during MI of forearm flexion, when compared to the rest condition, while goniometric data did not reveal any movement. The magnitude of this activation was correlated with the mental effort required to imagine lifting a weight. Indeed, MI of heavy concentric contraction (80% of the best mark) resulted in greater pattern of EMG activity than during MI of light concentric condition (50% of the best mark). The intensity of the imagined contraction was thus paralleled by the magnitude of the subliminal EMG activity, thereby highlighting a close link between the central nervous system and the periphery during MI. Bakker et al. ([@B4]) and Boschker ([@B9]) had previously found that mentally lifting a 9 kg dumbbell resulted in a larger EMG activity than lifting 4 kg 1/2. Jeannerod ([@B84]) and Bonnet et al. ([@B8]) attributed changes in EMG activity during MI to an incomplete inhibition of the motor command. This hypothesis was emphasized by differential muscle activity associated with the contraction type. Interestingly, different types of mentally rehearsed contractions elicited specific changes in EMG activity that closely corresponded to those observed during actual contraction.

The preceding evidence shows that MI might recruit the same movement pattern as the actual motor command, although at subliminal intensity, hence involving the same neural substrate. Thus, EMG activity during MI seems to mirror that observed during actual motor execution. Importantly, this was not a tonic non-specific activity as the patterns of EMG distinguished among the different types of contraction to the same extent as actual execution would have done.

Arising from the argument so far, two questions need to be addressed. First, how useful is this specific residual motor command? Second, what are the neural substrates of partial inhibition of the motor command? One of the most plausible outcomes is that sensory afferent information provided to the CNS should serve as feedback in the hypothesis of a forthcoming actual movement. Secondly, the cerebellum might be involved in the inhibition of movement execution during MI (Lotze et al., [@B120]).

The question of inhibiting movement execution, after the motor commands have been prepared, has often been asked (e.g., see de Jong et al., [@B26]). Motor inhibition is usually tested with the "Go/No-Go" paradigm. Here, participants are requested to give a motor response when a specific stimulus is presented and to withhold the response occasionally when another stimulus is triggered. Reaction time to the "Go" signal is recorded, thus facilitating the study of how the motor system inhibits the response when the "No-Go" signal is randomly given. Typically, Go/No-Go paradigms elicit a race between response activation and response inhibition processes. de Jong et al. ([@B26]) postulated the existence of two inhibitory mechanisms: inhibition of central activation processes and inhibition of transmission of motor commands from central to peripheral structures. Unfortunately, the way in which these inhibitory processes work may not directly be applied to MI. For example, the processes of motor command inhibition during MI may not work exactly as during those elicited by the Go/No-Go paradigms because, in the latter, participants do not know in advance whether they will have to act or to inhibit action. By contrast, when participants are requested to mentally represent an action, they implicitly know that they will restrict their cerebral activity to covert movement only. Thus, motor command inhibition should be integrated into the process of movement preparation through motor representation. As postulated by de Jong et al. ([@B26]), a possible mechanism for response inhibition (which could be applied to MI), involves the inhibition of central response activation processes. Thus, response initiation might be inhibited by preventing central response activation from reaching the targeted muscles. In this way, the interruption of an already initiated response can be achieved by discontinuing the output from central to peripheral motor structures. This speculation was experimentally attested by large fronto-central positivity when the response was successfully inhibited (de Jong et al., [@B26]). The inhibitory mechanisms are effective before sending the information, elaborated within the associate cortices, to the primary motor cortex. Especially, this inhibition may originate from the prefrontal cortical areas associated with limbic structures and cingulate cortices (the behavioral inhibition system early postulated by Gray, [@B56]). This behavioral system has other connections with the parietal associative cortices involved in No-Go performance (Watanabe et al., [@B200]). However, response inhibition could also come from active mechanisms at different subcortical levels including the spinal cord (Bonnet et al., [@B8]), the brainstem, and the cerebellum (Lotze et al., [@B120]). A particular example is when the programming of a movement is not entirely well-adapted to its expected goal and requires changing one or several parameters, such as movement direction or amplitude. In this case, we do not need to fully inhibit actual performance but only to better adapt the programming of movement to the environmental constraints under which it occurs. Thus, a flexible central inhibitory mechanism may become crucial when selective motor inhibition is required. Many results from neuroimaging research suggest that the right inferior frontal gyrus is integrated within a fronto-basal-ganglia network (Aron et al., [@B3]), which could intercept the "Go" process and stop the motor responses (Lenartowicz et al., [@B106]). This function is also consistent with a role in reprogramming of action plans, which may comprise inhibition, and its activity can be triggered through automated, bottom-up processing.

If central inhibition processes do not succeed in preventing central motor outflow, the overt response can be inhibited by preventing the transmission of motor commands to peripheral motor structures. This possibility is consistent with the hypothesis that motor commands could be inhibited at any time (de Jong et al., [@B26]). In other words, the inhibition of overt movements may still be achieved by means of peripheral mechanisms. By contrast with central inhibitory mechanisms, peripheral inhibitory mechanisms may be useful only when actions have to be inhibited or interrupted unselectively. Brunia ([@B14]) proposed that there are several inhibitory mechanisms at work in the periphery of the motor system, all depending upon activity of local propriospinal interneurons, situated at the same or neighboring segments of the spinal cord as that of the motoneurons of agonist or synergist muscles. Normally, corticospinal fibers contact alpha motoneurons mono-synaptically. However, while this organization works for hands and fingers, it probably does not hold for other body segments. To result in a movement, the influence of propriospinal neurons upon motoneurons has to be excitatory. The intrinsic organization of the spinal cord enables movement production including several inhibitory systems such as the short feedback system from the Renshaw cells or the reciprocal inhibition reflex system. These processes are beyond the scope of the present paper, however. We thus hypothesize that motor inhibition during MI is mainly related to the *central* but not to the peripheral system.

Logan ([@B114]) conducted several studies on the degree to which people inhibit the thoughts that underlie their actions when they inhibit action. Participants were requested to make category and rhyme judgments about words and were given stop signals that required them to inhibit the actions they executed to express their judgments. They pressed one key if the word was a member of the category or rhymed with a target, and pressed another key if the word was not a member of the category or did not rhyme. If a stop signal occurred, they were supposed to inhibit the response. These researchers then presented the materials again to test participants' memory for words whose responses were inhibited, and used recognition memory judgments: they presented both words for which that they had made or not judgments about, and asked them to indicate whether words had been presented before. Subsequently, Logan ([@B115]) used repetition priming to test memory by presenting similar kind of words, and then asking whether response time was faster for old words than for new ones. Both studies revealed that thoughts went on to completion when actions were inhibited, suggesting that mental activity was independent from the motor response. As far as we consider MI, mental activity is directly related to action, thus suggesting two related processes differing from the relationships highlighted by Logan ([@B114], [@B115]).

As previously mentioned, de Jong et al. ([@B26]) described two inhibitory mechanisms that could work to withdraw actual motor command: inhibition of central activation and inhibition of transmission of motor commands from central to peripheral structures. If we consider that motor planning and programming are central processes, we can assume that these are common to actual execution and MI. Hence, the difference between these two behaviors would be the existence of an active process of motor command inhibition. Now, the question of how motor command inhibition is neurally implemented remained unresolved. But what exactly does research tell us about motor command inhibition and how can this knowledge be applied to MI? Most experiments on motor command inhibition were conducted using stop signal paradigms, early formalized by Logan and Cowan ([@B116]). The key component of response inhibition depends upon the relative finishing time between Go and No-Go operations. In other words, the Go response is inhibited by the activation of a stop-process. The major difference between inhibition of motor command in the context of action execution vs. MI is mainly related to *uncertainty*. Uncertainty is emphasized in an updated model by Boucher et al. ([@B10]). A Go response may also be inhibited by the preparation of an alternative go response. In this case, response inhibition would depend on the relative finishing time of the primary-task response and the alternative response (Verbruggen and Logan, [@B198]). In both models of response inhibition, the participant does not know in advance whether he/she will have to withhold the motor command in the Go/No-Go paradigm. When requested to mentally imagine a movement, the participant is clearly aware that no command should be transferred to peripheral effectors when he/she is requested to mentally imagine the action. Inhibition does not rely on the same process in both conditions. In the stop paradigm, response inhibition depends on triggering No-Go signal. Once the Go or No-Go stimulus is perceived, the participant should decide to act or to inhibit action, taking into account the information provided. Although action vs. inhibition could simultaneously be prepared as an alternative response, this is an all or nothing process. There is no such uncertainty during MI. However, the inhibition of movement may be total or partial and may also take even several intermediate degrees. In other words, the participant could nevertheless accompany the mental representation by residual execution, e.g., miming partially some significant steps of execution or movement rhythm. The other main difference is related to the *time course* of these processes. On the basis of event-related brain potentials, EMG recordings, and continuous behavioral response measures, experimental data from de Jong et al. ([@B26]) evidenced that responses could be interrupted at any time. Thus, actual movement is inhibited as early as the stop signal is triggered whereas MI could accept several conditions from no movement at all until residual movements related to actual movement that accompany and facilitate mental representation. This may explain why MI could also keep some elements of motor execution during mental representation. However, and with reference to the casual definition of MI, we should wonder whether we could still call this process "imagery" when associated with residual parts of movements.

Finally, central inhibition processes are well-summarized by Garavan et al. ([@B52]) who postulated two main neural networks mediating inhibition. Right dorsolateral prefrontal and right inferior parietal areas are associated with response inhibition while a region of the cingulate cortex is involved in "difficult" inhibitions. Left dorsolateral prefrontal cortex was activated when subjects adjusted their ongoing behavior in response to an error or to unexpected changes in the environment. With regard to selective inhibitory mechanisms, it is therefore not surprising that residual muscle activity remains observable during MI, through EMG recordings, as described in preceding paragraphs. This is compatible with both hypotheses previously described: On the one hand, motor commands could be inhibited at any time and in different ways. On the other hand, MI could be dependent upon the central process of inhibition only. Overall, we should point out again that inhibition of the actual command, based on Go/No-Go designs, does not exactly correspond to that during MI, mainly because this inhibition is not under the control of decision making under time pressure. Therefore, a specific cerebral organization might control motor commands inhibition during MI, nevertheless sharing most features of the central processes inhibition we previously described.

In summary, the issue of inhibiting motor performance can be explained by two theoretical models. We first assume that MI results in a subliminal activity of the motor system. As postulated by Jeannerod and Frak ([@B87]), the motor system is involved not only in the production of movements, but also in the mental representation of action. The authors extended its function to the process of learning by observation, even until understanding the behavior of others. Therefore, if we consider MI as a subliminal motor command, it will not cause muscle activity and there is no need for active inhibition process. The functional similarity between actual movement and MI comes from the identity of the motor structures that are believed to control them. Thus, the only difference between actual execution and its mental representation would be the degree of mobilization of motor commands: the preparatory phase would be common to actual action, its mental representation, and the consequences of action both in terms of sensations generated and knowledge of result (did the action reach its goal?). In this regard, Macuga and Frey ([@B128]) recently postulated that the neural representations of observed, imagined, and imitated actions were dissociable and hierarchically organized. The differential activity among these three conditions favored an alternative hierarchical model in which these behaviors rely on partially independent mechanisms. This result might challenge the hypothesis of complete similarity between actual movement and MI, and therefore favor the second hypothesis.

More pragmatically, it is easy to experience motor representation in association with movements or sequences of movements, more or less related to the imagined action and supposed to accompany and facilitate MI. One of the most remarkable examples is when observing some elite athletes during the preparation phase, just before competing. For example, some skiers prepare for races by closing their eyes and mentally rehearsing the course that they are about to traverse (Louis et al., [@B124]). Although they probably do not experience the entire course, some portions are nevertheless mentally rehearsed using symbolic limb movements -- which enable them to mime the represented action. These movements of arms and hands symbolize the turns and the timing at which these should be done. Finally, as revealed by Lorey et al. ([@B117]), we are all familiar with pictures of athletes moving while imagining their subsequent performance during pre-performance routines. Theoretically, such phenomena raise an interesting question. Strictly speaking, is it valid to describe MI performed with associated movement as "MI"? Although this question goes beyond the scope of the present paper, it is important to remember that specific subliminal muscle activity is detectable during MI of any given movement (Guillot et al., [@B64]). We would also point out that the theoretical mechanisms we described above have the potential to explain how inhibition works during MI. In particular, the inhibition process could occur at *every stage* of the represented action: complete inhibition during MI would mean that actual movement is entirely removed from MI (this corresponds to the usual definition which is often given, "*MI is* *the mental representation of an action without any overt movement*"). The hypothesis of partial motor inhibition could also be invoked, and as previously mentioned, we may combine movements to their mental representation, even if they are only partially outlined.

How does MI affect motor commands? Performing MI might activate somatic and autonomic motor commands differently. From the intention to act, direct voluntary commands are normally transmitted through the pyramidal tract to elicit movement. The process of an incomplete inhibition that accompanies MI may be viewed at organizing peripheral effectors during the preparation phase of the forthcoming actual execution. Duclos et al. ([@B40]) provided evidence of anticipatory changes in patterns of human motoneurons discharge during motor preparation. This may also be observed during MI. Conversely, Bonnet et al.'s ([@B8]) view is that MI should be compared to action, rather than to motor preparation, hence considering MI as the intention to avoid movement execution, although MI might be more closely related to pre-executive processes of a movement than its actual execution itself (Hanakawa et al., [@B69]). Michelon et al. ([@B135]) claimed that the MI process does not necessarily require a motor simulation which would integrate the mapping of the effector-specific commands required to achieve the movement. This would be a quite different MI as that followed by actual execution. The close relationship (temporal, structural) between MI and actual execution appears to favor an upstream organization of inhibition, implying the behavioral inhibition system. This would also explain why the most automated parts of movement commands are not inhibited, as they are controlled at the subcortical level. Nevertheless, Bonnet et al. ([@B8]) and Jeannerod ([@B86]) stated that the inhibitory mechanisms may also be localized downstream of the motor cortex, perhaps at the spinal cord, or brainstem level. In addition, Lotze et al. ([@B120]) postulated that the posterior cerebellum might also play a crucial role in the inhibition of the motor command. There are probably several systems and processes of motor inhibition, coordinated at different levels of the central nervous system from the premotor cortex to the spinal cord. The question of a selective inhibition remains to be asked. It could explain the subliminal muscle activity and even the somatic commands addressed to the low levels of the CNS (e.g., controlling postural regulations).

Several experimental data provide evidence of incomplete inhibition of the motor commands addressed to the different effectors. This finding should be used in the field of clinical rehabilitation (whatever the nature of the neurological damage either peripheral or central), MI use is known to benefit to functional recovery (e.g., Braun et al., [@B11]; Zimmermann-Schlatter et al., [@B209]). Further research should also investigate the processes of somatic and autonomic motor commands inhibition during MI. So far, two different mechanisms are thought being involved in the inhibition of a voluntary action. The first is related to central programming processes whereas the second is responsible for central motor command transmission from central structures to peripheral effectors (de Jong et al., [@B26]). As early hypothesized by Jeannerod ([@B84]), the neural commands for muscle contractions may be blocked at some level of the motor system by active inhibitory mechanisms. This purpose is, however, associated with incomplete inhibition of the motor command that would provide a consistent explanation for the recording of muscle activity during MI.

Clinical Experiments
====================

Earlier in this paper, we reviewed evidence that motor commands are involved during MI before being inhibited. In this section, we discuss the extent to which clinical data obtained from patients with stroke, PD and also from amputees and those with SCI provide further evidence on this issue. Firstly, analyzing central activity during MI in patients suffering from central nervous system disorders reinforces the postulate of analogous central processing between MI and motor performance (Table [2](#T2){ref-type="table"}). MI interventions can thus be used to improve motor processing after various cases of neurological disorders (Sharma et al., [@B174]; Dickstein and Deutsch, [@B35]). Secondly, motor impairments due to neurological diseases are reflected by changes in MI ability. This conclusion holds in most clinical populations, and therefore validates the assumption that MI reproduces actual motor performance states at the CNS level -- yet without going to completion, hence the hypothesis of motor inhibition. Eventually, changes in MI ability after neurological disorder provide new perspectives to the study of motor command inhibition during MI.

###### 

**Studies looking at the motor command during motor imagery**.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                               Sample of patients and controls   Methodology            Result regarding MI ability changes and potential implications for understanding motor command processing and/or subsequent motor inhibition                                                                                                                                                        
  ----------------------------------- --------------------------------- ---------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------
  Alkadhi et al. ([@B2])              SCI (*n* = 8)\                    fMRI                   MI recruited the neural networks subserving MI and actual movements in healthy controls. Primary motor cortex activity during MI in patients was activated to the same extent than during actual practice in healthy controls, suggesting weakened inhibition                                       
                                      Controls (*n* = 8)                                                                                                                                                                                                                                                                                                                                           

  Cramer et al. ([@B21])              SCI (*n* = 12)\                   fMRI                   No task modulation in cerebral activity between MI and PP. Reduced activation volumes in the primary sensorimotor cortex and increased activity within the primary sensorimotor cortex during MI reflect brain function changes after SCI                                                           
                                      Controls (*n* = 12)                                                                                                                                                                                                                                                                                                                                          

  Gustin et al. ([@B66])              SCI (*n* = 11)\                   fMRI                   Contrary to controls, MI elicited activity within the primary motor area and several brain regions included in the pain neuromatrix. Activity correlated to pain perception during MI                                                                                                               
                                      Controls (*n* = 19)                                                                                                                                                                                                                                                                                                                                          

  Hotz-Boendermaker et al. ([@B80])   SCI (*n* = 9)\                    fMRI                   Cerebral activity during attempted and imagined movement supports motor program preservation. Recruitment of additional brain regions during MI (compared to healthy controls) reflects altered sensorimotor integration                                                                            
                                      Controls (*n* = 12)                                                                                                                                                                                                                                                                                                                                          

  Lacourse et al. ([@B102])           SCI (*n* = 19)\                   EEG                    Isomorphic electrophysiological correlates during MI and attempted execution in SCI patients, but not in healthy controls. Weakened inhibitory mechanisms as a consequence of SCI, due to deafferentation                                                                                           
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Olsson ([@B145])                    SCI (*n* = 1)\                    fMRI                   Changes in MI ability according to the remaining capabilities of the motor system                                                                                                                                                                                                                   
                                      Controls (*n* = 8)                                                                                                                                                                                                                                                                                                                                           

  Battaglia et al. ([@B6])            Stroke (*n* = 8)\                 TMS                    Reduced corticospinal facilitation supporting that unilateral stroke patients have lateralized MI deficits                                                                                                                                                                                          
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Daprati et al. ([@B25])             Stroke (*n* = 32)\                Mental rotation        Impaired MI ability. Patients may have developed MI strategies independently from the actual state of the motor system                                                                                                                                                                              
                                      Controls (*n* = 12)                                                                                                                                                                                                                                                                                                                                          

  Decety and Boisson ([@B28])         SCI (*n* = 4)\                    Mental chronometry     Contrary to SCI patients, stroke patients presented longer MI times when engaging the paralyzed upper/lower limb, comparing to MI of actions with unaffected limbs. For movements that could be physically executed, patients achieved the temporal congruence between MI and executed actions      
                                      Brain injury (*n* = 6)                                                                                                                                                                                                                                                                                                                                       

  Dettmers et al. ([@B34])            Stroke (*n* = 31)\                Mental chronometry\    MI ability is impaired on the affected side of the lesion, specifically after stroke eliciting deafferentation. In both clinical populations, the features of MI ability reflect the actual state of the motor system                                                                               
                                      Tetraparetic (*n* = 10)           KVIQ\                                                                                                                                                                                                                                                                                                                      
                                                                        VMIQ                                                                                                                                                                                                                                                                                                                       

  Gonzalez et al. ([@B55])            Stroke (*n* = 11)\                Mental chronometry     Higher MI and PP times in patients who recovered from stroke than in healthy controls                                                                                                                                                                                                               
                                      Controls (*n* = 11)                                                                                                                                                                                                                                                                                                                                          

  Kagerer et al. ([@B90])             Brain injury (*n* = 4)\           Mental chronometry     Patients exhibited longer MI and PP times than for actions involving the more affected side with preserved temporal congruence between MI and PP                                                                                                                                                    
                                      Controls (*n* = 4)                                                                                                                                                                                                                                                                                                                                           

  Kimberley et al. ([@B94])           Stroke (*n* = 10)\                fMRI                   Cerebral activity during MI reflects the ipsilateral control of the stroke-affected hand, a common plastic brain change after lateralized stroke lesions                                                                                                                                            
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Liepert et al. ([@B111])            Stroke (*n* = 20)                 TMS\                   MI ability impaired for movements involving the stroke-affected hand, but only in patients suffering from a somatosensory brain lesion compared to patients with "*pure motor strokes*"                                                                                                             
                                                                        Mental chronometry                                                                                                                                                                                                                                                                                                         

  Malouin et al. ([@B130])            Stroke (*n* = 32)\                KVIQ                   Patients obtained better scores when MI concerned the unaffected side of the lesion, but only for MI of lower limb actions                                                                                                                                                                          
                                      Controls (*n* = 32)                                                                                                                                                                                                                                                                                                                                          

  Sabate et al. ([@B165])             Stroke (*n* = 9)\                 Mental chronometry     Decreased movement velocity during PP also observed during MI. The hemispheric-dependent effects of lateralized stroke on the actual motor performance of each hand (affected/non-affected) was reproduced during MI                                                                                
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Sabate et al. ([@B166])             Stroke (*n* = 33)\                Mental chronometry     Strong correlation between MI and PP times after stroke. Mismatches between MI and PP times support that changes in MI ability reflect the actual state of the motor system                                                                                                                         PD (*n* = 8)
                                      Controls (*n* = 18)                                                                                                                                                                                                                                                                                                                                          

  Schwoebel et al. ([@B170])          Stroke (*n* = 1)                  Motor tasks\           A patient with bilateral parietal brain lesion fully executed the mentally rehearsed actions. Inhibition during MI was impaired, presumably due to disturbances within a fronto-parietal circuit mediating motor inhibition                                                                         
                                                                        Mental rotation                                                                                                                                                                                                                                                                                                            

  Sirigu et al. ([@B178])             Stroke (*n* = 1)                  Mental chronometry     Temporal parameters of MI predicted that of PP in a variety of situations, altogether reflecting hypokinesia after unilateral stroke                                                                                                                                                                

  Sharma et al. ([@B171])             Stroke (*n* = 8)\                 fMRI                   Abnormal functional connectivity patterns within the motor network during MI correlated with motor outcome after stroke recovery                                                                                                                                                                    
                                      Controls (*n* = 13)                                                                                                                                                                                                                                                                                                                                          

  Sharma et al. ([@B172])             Stroke (*n* = 20)\                fMRI                   During MI of the affected hand, activation of the anterior subdivision of cM1 was similar to that during PP, and activity of the ipsilesional posterior subdivision of M1 correlated with motor performance. The result support that MI reveals the actual state of the motor system after stroke   
                                      Controls (*n* = 17)                                                                                                                                                                                                                                                                                                                                          

  Stinear et al. ([@B188])            Stroke (*n* = 12)\                Mental chronometry\    Absence of corticospinal facilitation during MI in the stroke-affected hand                                                                                                                                                                                                                         
                                      Controls (*n* = 8)                TMS                                                                                                                                                                                                                                                                                                                        

  Szameitat et al. ([@B191])          Stroke (*n* = 5)\                 fMRI                   Cortical activations during MI resemble that during attempted overt execution within sensorimotor and premotor cortices. Potential analogous involvement of the sensorimotor system in the two tasks                                                                                                
                                      Controls (*n* = 21)                                                                                                                                                                                                                                                                                                                                          

  Vromen et al. ([@B199])             Stroke (*n* = 21)                 Mental rotation        Stroke patients (*n* = 20) without spatial neglect outperformed a patient (*n* = 1) with spatial neglect during a visual mental rotation task involving the upper limb                                                                                                                              

  Wu et al. ([@B203])                 Stroke (*n* = 18)                 Mental chronometry     Longer times required to imagine upper limb actions involving stroke-affected effectors                                                                                                                                                                                                             

  Cohen et al. ([@B19])               PD (*n* = 24)\                    Mental chronometry     Temporal discrepancies between times required to imagine and actually walk through a narrow doorway characterized PD patients with freezing of gait syndrome                                                                                                                                        
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Cunnington et al. ([@B23])          PD (*n* = 14)\                    EEG                    Impaired motor preparation, while potentials associated with motor execution seemed relatively preserved                                                                                                                                                                                            
                                      Controls (*n* = 10)                                                                                                                                                                                                                                                                                                                                          

  Cunnington et al. ([@B22])          PD (*n* = 6)\                     PET                    Reduced pre-SMA activation and compensatory brain activity during MI altogether characterized the motor deficit in PD patients                                                                                                                                                                      
                                      Controls (*n* = 3)                                                                                                                                                                                                                                                                                                                                           

  Dominey et al. ([@B38])             PD (*n* = 7)\                     Mental chronometry     Asymmetrical slowing of MI times according to the affected side in lateralized PD patients, hence supporting that MI and PP shared common neural structures                                                                                                                                         
                                      Controls (*n* = 7)                                                                                                                                                                                                                                                                                                                                           

  Helmich et al. ([@B75])             PD (*n* = 19)                     fMRI                   MI involving the affected side in lateralized PD patients recruited additional cognitive resources compared to MI involving the unaffected side                                                                                                                                                     

  Helmich et al. ([@B74])             PD (*n* = 38)\                    fMRI                   Distinct sensorimotor processing at the subcortical level during MI characterized patients with and without resting state tremor                                                                                                                                                                    
                                      Controls (*n* = 19)                                                                                                                                                                                                                                                                                                                                          

  Heremans et al. ([@B76])            PD (*n* = 14)\                    MI questionnaires\     MI ability was preserved in PD patients, but was performed more slowly than in healthy controls                                                                                                                                                                                                     
                                      Controls (*n* = 14)               Mental chronometry                                                                                                                                                                                                                                                                                                         

  Kuhn et al. ([@B100])               PD (*n* = 8)                      EEG                    Analogous contribution of subthalamic nucleus to feedforward organization during MI and PP of wrist actions. Electrophysiological correlates of MI within these structures support its role in sensory feedback integration for overt motor and postural regulations after PD                       

  Samuel et al. ([@B168])             PD (*n* = 6)\                     PET                    MI yielded decreased activity in frontal areas (dorsolateral frontal cortex), hence reflecting impaired motor preparation in PD patients as compared to healthy controls                                                                                                                            
                                      Controls (*n* = 6)                                                                                                                                                                                                                                                                                                                                           

  Thobois et al. ([@B195])            PD (*n* = 8)\                     PET                    MI elicited reduced activations for movement with the affected side in lateralized PD patients. MI of the unaffected side was impaired, but to a lesser extent                                                                                                                                      
                                      Controls (*n* = 8)                                                                                                                                                                                                                                                                                                                                           

  Thobois et al. ([@B194])            PD (*n* = 7)                      PET                    Subthalamic nucleus stimulation analogously improved cerebral activity during MI and PP                                                                                                                                                                                                             

  Diers et al. ([@B37])               Amputees (*n* = 14)\              fMRI                   MI activated different neural substrates depending on whether amputee patients experienced phantom limb pain or not. MI activated the contralateral primary sensorimotor cortex only in non-pain patients                                                                                           
                                      Controls (*n* = 9)                                                                                                                                                                                                                                                                                                                                           

  MacIver et al. ([@B127])            Amputees (*n* = 13)\              fMRI                   MI training elicited reversed sensorimotor plasticity in amputee that corresponded to decreased phantom limb pain symptoms                                                                                                                                                                          
                                      Controls (*n* = 6)                                                                                                                                                                                                                                                                                                                                           

  Marconi et al. ([@B132])            Amputees (*n* = 8)\               TMS                    MI mirrored sensorimotor reorganizations in the patients. Upper/lower limb inhibitory relationships within cM1 might be removed after amputation                                                                                                                                                    
                                      Controls (*n* = 9)                                                                                                                                                                                                                                                                                                                                           

  Nico et al. ([@B144])               Amputees (*n* = 16)\              Mental rotation task   MI was affected by amputation in patients as compared to healthy controls. Selective MI impairments were observed according to whether amputation affected the dominant/non-dominant limb                                                                                                           
                                      Controls (*n* = 7)                                                                                                                                                                                                                                                                                                                                           

  Raffin et al. ([@B153])             Amputees (*n* = 14)               fMRI                   Partially overlapping, albeit non-identical, neural networks mediating MI, and attempted physical practice with the phantom limb                                                                                                                                                                    
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Stroke
------

Motor imagery ability seems preserved in most cases following stroke (Johnson et al., [@B88]; Sabate et al., [@B166]; Malouin et al., [@B130]). However, MI accuracy impairments were described in stroke and brain injured patients. These changes support the assumption that, during MI, the CNS reproduces a state of actual motor processing. Indeed, MI ability changes mirror those observed during actual motor performance. For instance, the time required to perform mental rehearsal of actions involving impaired limbs increased compared to that of actions performed with spared effectors (e.g., Decety and Boisson, [@B28]; Sirigu et al., [@B178]; Wu et al., [@B203]; Dettmers et al., [@B34]). Stroke patients also reported decreased imagery vividness during imagination of movements performed with the affected side in the case of lateralized brain lesions (Malouin et al., [@B130]). Malouin et al. ([@B129]) suggested that temporal uncoupling between MI and PP could also occur during mental simulation of actions involving the stroke-unaffected side. Nonetheless, most findings in stroke patients support the assumption that MI mirrors motor impairments resulting from cerebral damage (Table [2](#T2){ref-type="table"}). Inconsistencies regarding MI ability changes after stroke (i.e., specific or non-specific to the motor impairment) might account for the nature and localization of the stroke lesion (Liepert et al., [@B111]).

Imagery studies on stroke patients are largely consistent with results obtained from studies in healthy subjects -- showing that MI is a dynamic state of motor processing, reproducing the features of CNS activity in a similar way to that during actual motor performance. Examining MI ability after brain lesions can thus contribute to understanding of the neural processes mediating actual motor performance. Sirigu et al. ([@B179]) reported that mismatching between MI and PP times characterized the parietal brain lesion in stroke patients. The authors inferred that the parietal cortex might play a key role in elaboration of movement representation during motor preparation. More recently, Stinear et al. ([@B188]) found that right hemisphere stroke patients *overestimated* MI duration as compared to PP, while left hemisphere stroke patients achieved more accurate temporal congruence between actual and imagined time. These data support hemispheric specificity with regard to internal generation of the temporal parameters of actual execution. As the temporal characteristics of MI are also affected by lesions, these results corroborate previous findings with regard to the neural substrates mediating movement preparation during MI.

To summarize, studies of MI ability in stroke patients show that MI and PP share common neural substrates and involve similar motor commands. But to what extent do imagery data obtained from stroke patients shed light on the issue of motor inhibition during MI? As MI ability is usually preserved following trauma to the nervous system, one should assume that inhibition remain possible even after cerebral damage. As several studies have reported that MI ability is preserved after brain damage affecting both cortical and subcortical motor networks, we may postulate that cerebral structures mediating motor control do not play a critical inhibitory role. This assumption would be congruent with some TMS findings assuming that there is no specific suppressive mechanism occurring at the brain level to inhibit motor output during MI, which would rather be caused by an incomplete level of CNS facilitation during MI (i.e., the level of excitability would not reach the motor threshold during MI, contrary to during PP). Nonetheless, Schwoebel et al. ([@B170]) reported the case of a stroke hemiparetic patient with bilateral parietal brain lesions around the primary somatosensory cortex, who fully executed the "imagined" actions. As the patient performed more efficiently the demanded motor act during MI than during PP, authors argued that overt movements during MI reflected overt processing of the forward models for overt actions. These would be preserved and recalled during MI. Further, the authors nicely demonstrated that sensory integration, mediated by the primary somatosensory cortex, distinguished between overt and covert performance. Impaired sensory integration due to brain lesion thus explained both accurate actual executions during MI and altered voluntary motor performance during PP. Critically, this case report indicated that the motor command was effectively built up during MI, and may normally be actively inhibited throughout motor processing by specific interactions between sensorimotor brain regions. While the precise mechanisms underlying this effect remain unclear, the hypothesis that sensory feedback integration may be a key component for efficient motor suppression during MI is supported by neuroimaging findings (Solodkin et al., [@B181]; Alkadhi et al., [@B2]).

Parkinson's disease
-------------------

MI ability changes in patients suffering from PD are consistent with those observed in stroke patients. Central processing during MI is selective according to the limbs affected by PD and mirrors the actual motor impairment (Dominey et al., [@B38]; Helmich et al., [@B75]), even though MI of non-affected body regions may also be disturbed to a lesser extent (Thobois et al., [@B195]). In spite of basal ganglia dysfunction, MI ability is preserved in early and mid-stage PD patients (Heremans et al., [@B76]). However, several neuroimaging studies have discovered abnormal brain activation patterns during MI in PD patients as compared to healthy controls (Cunnington et al., [@B23]; Samuel et al., [@B168]). Specifically, reduced premotor and sensorimotor activations, as well decreased cerebellum activation during MI were reported (Thobois et al., [@B195]; Cunnington et al., [@B22]; Samuel et al., [@B168]). Compensatory activations occurring during MI of actions involving affected effectors were also reported in PD patients, which could reflect the actual motor deficit (Cunnington et al., [@B22]; Thobois et al., [@B194]; Helmich et al., [@B75]). Of great interest, however, is the finding that subthalamic nucleus electrical stimulation enabled reduction of compensatory activations during MI in PD patients (Thobois et al., [@B194]). These data provide meaningful evidence that elaboration of motor command *does*, in fact, occur during MI after PD, as the central MI activity seems to mirror the effect of PD on actual motor performance (Cunnington et al., [@B23]; Samuel et al., [@B168]; Tremblay et al., [@B197]). Spontaneous eye movements occur during MI and resemble those occurring during PP (Heremans et al., [@B77]). Heremans et al. ([@B78]) observed that external visual cueing even reinforced MI accuracy in PD patients, thus confirming that the central processing of somatic motor signals was an intrinsic component of the MI experience. Finally, several studies evidenced that PD patients may benefit from MI training in the rehabilitation of motor disorders, which suggests skill transfer from MI to PP with regards to actual motor processing (Mannix et al., [@B131]; Lim et al., [@B112]; Braun et al., [@B12]). Tamir et al. ([@B192]) reported the adjunctive benefits of MI training in motor rehabilitation following PD. MI practice contributed to reduce bradykinesia (Subramanian et al., [@B189]). PD typically refers to basal ganglia dysfunction. These structures are known to play a role in overt motor performance inhibition in healthy subjects, through specific neural interactions with cM1 during the early stages of motor processing (Stinear et al., [@B187]). However, it remains unclear whether these structures also participate in motor inhibition during MI, but recent findings suggest that PD patients lose the ability to elicit corticospinal facilitation during MI (Tremblay et al., [@B197]). The authors assumed that the patients failed to involve the motor system during MI. Nonetheless as the MI ability seems preserved and to elicit sensorimotor activity at the brain level in most neuroimaging studies, it can be hypothesized that changes in basal ganglia activity during MI could increase inhibitory interactions during MI. This postulate remains a working hypothesis awaiting experimental proofs.

Amputees
--------

Consistent reorganizations of the cortical sensorimotor map occur after limb amputation, due to neuroplasticity (i.e., the capability of synapses to adapt their structure and function in response to environmental and behavioral demand). The expansion within primary sensorimotor cortices of the cortical surface corresponding to unaffected body parts toward the adjacent deafferented and deefferented areas (i.e., corresponding to the missing limb) is now well-established (Knecht et al., [@B96]; Pascual-Leone et al., [@B146]; Karl et al., [@B91]; Ramachandran et al., [@B154]). Nonetheless, the motor system preserves the ability to process central commands controlling the missing limb following amputation, as suggested in several neuroimaging studies reporting similar sensorimotor activations during actions performed either with the phantom limb or with the contralateral unaffected one (Ersland et al., [@B44]; Roux et al., [@B162], [@B163]). EMG recordings at the level of the stump revealed specific motor commands suggesting preservation of motor programs controlling the amputated limb (Reilly et al., [@B156]). Are motor commands processed during MI of actions with the phantom limb? Recent findings suggest that the neural networks mediating MI and PP of actions with the phantom limb in amputee patients consistently overlap, in spite of significant differences (Raffin et al., [@B153]). Most findings regarding imagery in these patients are derived from studies investigating the therapeutic management of phantom limb pain (i.e., a frequent disabling consequence following amputation; Shukla et al., [@B177]; Ehde et al., [@B42]). A causal relationship was found between sensorimotor reorganizations and phantom limb pain (Flor et al., [@B47]; MacIver et al., [@B127]). Expansion of homunculus regions corresponding to spared body parts toward deafferented areas (e.g., hand region "invaded" by regions corresponding to face body parts), in both primary somatosensory and motor cortices, characterize phantom limb pain patients as compared to pain-free amputees (Lotze et al., [@B119], [@B118]; Karl et al., [@B91]). Interestingly, involving the motor system into overt motor processing (i.e., attempted executed actions) with the phantom limb (e.g., using visual feedback) tends to produce pain relief (Chan et al., [@B17]; Mercier and Sirigu, [@B134]). An interesting practical implication of this finding is that if MI reproduces overt motor processing states at the CNS level, then MI *training* might also be efficient in the management of neuropathic pain after amputation. MacIver et al. ([@B127]) investigated the effects of a 6-week MI training program on phantom limb pain. fMRI scanning sessions were performed before and after the experimental intervention. MI training significantly reduced pain symptoms. fMRI investigations highlighted a reversed plasticity as compared to plastic changes due to amputation observed in the patients during the pretest. These results promote the therapeutic relevance of MI in the rehabilitation of pain disorders, presumably due to actual motor processing at the CNS level. Indeed, change in the cortical representation of a body segment is usually achieved through repetitive motor practice (Wolf et al., [@B202]). In the study by MacIver et al. ([@B127]), MI elicited reversed plasticity, hence supporting the assumption that amputees are able to process motor commands during MI, even for actions with their injured limb. In this regard, however, the fact that phantom limb pain patients and those with and non-phantom limb pain present *different* brain responses to MI is of special interest (Diers et al., [@B37]). Only non-pain patients activated the contralateral primary sensorimotor cortex during MI. Some authors have reported that neuropathic pain after amputation could be due to the mismatching between motor output and sensory feedback (Mayer et al., [@B133]), in agreement with the model of pathological pain by Harris ([@B71]). MI might therefore reproduce a pathological state where the motor system fails to elicit the primary sensorimotor activity demand of the cognitive task. These findings concur with a large body of literature supporting the role of differential neuroplasticity in the generation of pain symptoms, which seems reproduced during MI. Further, it can be assumed that amputees no longer require to inhibit the motor command during MI of actions involving the phantom, as no muscle activity could occur (a similar observation can be made in SCI patients -- see below). If MI *does* involve active motor suppression at the CNS level, these mechanisms will no longer be relevant after amputation and might potentially be reshaped by the emergence of a new body schema, prompting considerable neural reorganization. Challenging considerations to this approach comes from the fact that amputee patients usually preserve a perceptual representation of their missing limb. Further, no study yet reported weakened inhibition during MI after amputation and no EMG activity was recorded at the level of the stump (Raffin et al., [@B152]). This is an interesting perspective for future studies: If there is no changes in the ability to inhibit the motor commands during MI, conclusions regarding the neural underpinnings of motor suppression during MI might be drawn.

SCI patients
------------

Motor activity during MI can be inferred from the effects of MI practice in neuropathic pain SCI patients. Gustin et al. ([@B65]) observed that MI increased neuropathic pain intensity in six SCI patients out of seven during mental rehearsal of actions involving infra-lesional effectors. Gustin et al. ([@B66]) delineated the neural substrates mediating this pain response to MI. They observed several activations within the pain neuromatrix network, correlated to increased pain perception when SCI patients performed MI. Both the ipsilateral premotor cortex and the SMA participated to actual motor processing. When compared to healthy controls, SCI patients elicited greater activation within cM1 attesting that motor output during MI reached the circuitry underlying pain response, due to cerebral reorganizations after the neurological lesion. Therefore, it seems reasonable to assume that motor signals *do* occur during MI, and might act as a triggering stimulus for pain in specific clinical cases of neurological disorders (see above for considerations in amputee patients).

As in the case of stroke, PD, and amputees patients, research investigating MI ability after SCI provides further insight into central processing of motor signals during MI. Using mental chronometry, Decety and Boisson ([@B28]) observed that SCI patients achieved close temporal congruence between MI and PP, whereas brain injured patients failed to do so. These data support the theory that MI accuracy is preserved following SCI because, contrary to what happens after stroke, SCI does not result in cerebral damage. However, SCI elicits consistent reorganization of the sensorimotor cortical maps, with changes in neuronal excitability (Topka et al., [@B196]; Curt et al., [@B24]; Dunlop, [@B41]; Kokotilo et al., [@B97]) due to deafferentation and deefferentation (Bruehlmeier et al., [@B13]). As MI is mediated by cerebral substrates overlapping with motor-related regions reorganized consecutively to the lesion, plastic changes after SCI are likely to affect MI ability. Cramer et al. ([@B21]) reported altered MI processing in SCI patients as compared to healthy controls during MI of right foot movements. In this study, task modulation in central activity between MI and PP was absent in SCI patients whereas different brain activation patterns mediated the two tasks in healthy controls. Similarly, Alkadhi et al. ([@B2]) reported that during MI, SCI patients recruited those neural networks that typically mediate both MI and PP in healthy controls. As already mentioned, MI usually results in lower activation intensities than PP in healthy participants, which is typically imputable to inhibitory processes (Porro et al., [@B150]). Therefore, as early hypothesized by Lacourse et al. ([@B102]), deafferentation and deefferentation following SCI may result in weakened motor command inhibition during MI. SCI patient no longer require to inhibit the mentally rehearsed movement due to the spinal cord lesion, which prevents neural transmissions toward peripheral effectors. This clinical topic is different than that in amputees (see above), in that after SCI patients no longer feel their deafferented and deefferented body regions. Alkadhi et al. ([@B2]) suggested that deafferentation may be a key component for adaptive brain changes regarding inhibition during MI, hence matching the conclusions by Schwoebel et al. ([@B170]). In a recent magnetoencephalographic control-case study (Di Rienzo et al., submitted), a SCI patient presented remarkably similar activations within cM1 during both MI and PP, hence suggesting weakened inhibition of this area during MI. This pattern of activation was associated with disturbed functional network of interrelations between cM1, S1, and SMA. By contrast, a healthy age-matched control participant presented a significant reduction in cM1 activation during MI, with significant inter-relationships in neural activities between cM1 and both SMA and S1. Interestingly, both S1 and SMA are thought to play a key role in motor suppression during MI (Schwoebel et al., [@B170]; Solodkin et al., [@B181]; Alkadhi et al., [@B2]; Kasess et al., [@B93]). Hotz-Boendermaker et al. ([@B80]) discovered that patients remained nonetheless able to subjectively distinguish MI from attempted PP for actions involving infra-lesional effectors, but the authors mentioned that MI elicited activation of additional brain regions in SCI patients in comparison to controls -- presumably to assist motor commands processing. Neuroimaging studies in SCI patients support the theory that central reorganization after SCI results in increased congruence between MI and PP, due to weakened inhibitory processes as a consequence of deafferentation. Accordingly, motor inhibition during MI may have a cortical component involving specific interactions between perirolandic sites and cM1. These results are complementary to those from the TMS approach to understanding inhibition (i.e., intracortical inhibition within M1 and/or incomplete state of CNS facilitation). However, central activity in SCI patients suggests that MI recruits motor programs for overt movements with paralyzed effectors (Sabbah et al., [@B167]), thereby confirming that these patients preserve the ability to process motor command signals during MI.

A discussed previously, neuroimaging studies support the likelihood of weakened motor inhibition during MI after SCI. However, whether the reductions in sensorimotor activity between MI and PP result in greater transmission of neural signals to the descending pathways during MI remains unknown. Roy et al. ([@B164]) obtained evidence of the downregulation of intracortical inhibition during MI after SCI using paired-pulse TMS. These data support previous findings reporting increased excitability after complete SCI in spared neural pathways (Topka et al., [@B196]). Reduced intracortical inhibition after SCI is thought to enable unmasking of latent synaptic connections at the cortical level, providing a possible causal mechanism for cerebral plasticity after SCI (Saturno et al., [@B169]). As MI and PP are assumed to be functionally equivalent, it is plausible that changes in intracortical inhibition of the sensorimotor cortex (allowing the reshaping of actual motor performance) may be reflected during MI, hence confirming some shared neural substrates between these two processes.

Taken together, clinical data from SCI, stroke, amputees, and PD patients converge to suggest that central patterns elicited during MI effectively reflect the internal elaboration of motor commands, although specific clinical impairment provides different and complementary insights to our current knowledge regarding motor inhibition during MI.

Conclusion
==========

In this paper, we reviewed data that support the emerging hypothesis that both central and peripheral neurophysiological correlates of MI tightly resemble those elicited by actual practice of the same task, even in the absence of overt movement production. Such data also suggest that motor commands are involved during MI. Furthermore, we highlighted evidence that the isomorphism between the representation of imagined and executed actions is preserved, if not strengthened, in specific cases of neurological disorders. Neuroimaging studies clearly support the involvement of both primary and secondary motor-related areas during MI, hence suggesting that neural impulses for motor commands may be elaborated at the cerebral level and addressed, at least partially, from cM1 to the anterior part of the spinal cord via the descending pathways. TMS studies of MI also confirmed this assumption and elucidated our understanding of the neurophysiological processes mediating the involvement of cM1 during MI. Accordingly, corticospinal facilitation during MI might result from changes in excitability at the cortical level. Some authors have also reported that residual EMG activity during MI reflects the features of the motor commands.

Based on these issues, we should now consider the unresolved question of how motor commands are inhibited throughout the motor system to prevent overt execution during MI. We postulate that motor inhibition during MI may not result from a parallel neurophysiological process, concomitant to MI, designed to prevent muscle contractions. First, TMS studies have shown that MI produces opposite effects to those elicited by voluntary relaxation of peripheral effectors regarding corticospinal facilitation (Taniguchi et al., [@B193]). Secondly, neuroimaging studies have failed to highlight specific neural structures mediating motor inhibition during MI, while TMS data support the idea of increased neuronal excitability and reduced intracortical inhibition within cM1 during MI. A notable finding from neuroimaging research is that secondary motor-related areas like the cerebellum and SMA might play a key role in motor output suppression during MI. Also, impaired sensory feedback integration following deafferentation or brain lesions around the primary somatosensory cortex result in weakened inhibition during MI, thus promoting the role of sensory sites in motor output suppression during MI. Therefore, inhibition during MI may be a functional process resulting from the specific contribution of neural sites usually dedicated to overt motor processing. This theoretical stance might account for the fact that MI activates the motor system in a lesser extent to actual practice.

If we assume that motor inhibition may be intrinsic to the motor command during MI, and that it is potentially mediated by a highly specific interplay between motor-related neural structures, a promising focus of future research may be identified. Specifically, priority for future investigators will be to explore the extent to which cM1 is subjected to active inhibition during MI. Using advanced statistical modeling, several authors have shown that reduced cM1 activation during MI is related to the suppressive influence of other motor-related brain regions, thus suggesting that motor inhibition during MI may also intervene at the early stages of motor planning (Kasess et al., [@B93]).

Based on current understandings and literature evidence, we promote a multifactorial explanation of motor inhibition during MI that might involve both cerebral and spinal mechanisms (Table [3](#T3){ref-type="table"}). From these findings, we postulate that there are three possible routes of motor command inhibition during MI (Figure [1](#F1){ref-type="fig"}). One may first hypothesize that motor inhibition is a part of the imagery experience, hence only *subthreshold* motor commands are sent to the effectors to prevent movement execution. A second alternative is the possibility that the inhibitory cerebral regions progressively weaken the motor command during the time course of the MI process, so that only a *residual* activity is sent and can be recorded in the corresponding muscles (for a review on a similar chain of processes during inhibitory motor control in No-Go paradigms, see Band and van Boxtel, [@B5]). Finally, it is possible that downstream regions including brainstem and spinal influences contribute to motor inhibition at a later stage than in the case of the other two possibilities. There is still, however, one key element requiring further experimental investigation. Specifically, research should establish the degree to which cM1 is inhibited by suppressive neural impulses of cerebral origin during MI. Similarly, it is vital to investigate whether or not neural impulses elicited by MI are blocked by spinal mechanisms triggered by descending input of cerebral origin. Interestingly, inhibition of actual actions in decision making experiments (i.e., Go/No-Go paradigms) or during motor control of complex skills that require real-time adaptation to changing environmental constraints, can happen in the very late stages, and even during overt motor processing. We should also investigate to a greater extent how these inhibitory processes exactly work as these do not operate under a principle of all or nothing. As mentioned by Band and van Boxtel, [@B5], p. 190), "*A crucial question is whether it is most important to define the locus of* \[motor\] *inhibition by the source of inhibitory activity (agent), by the process at which inhibition was exerted (site), or by the location where reduction of response activity can be recorded (manifestation)*." An important aspect is that imagined movement may be accompanied by reduced motor activity at a level which the subject is unaware of, such as when voluntarily performing movements simultaneously with its own action representation for improving MI vividness. Therefore, as the functional equivalence between imagined and executed actions has mainly been considered at the scope of neurophysiological correlates in activation, it might also be observable through the neural processes mediating motor output suppression during these two behaviors.

###### 

**Studies addressing the question of the motor inhibition during motor imagery**.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Authors                        Type of study                                                         Method                    Participants         Potential inhibitory regions
  ------------------------------ --------------------------------------------------------------------- ------------------------- -------------------- ------------------------------------------------------------------
  Alkadhi et al. ([@B2])         Motor imagery of foot movement                                        fMRI                      Healthy (*n* = 8)\   Motor command suppression but no clear inhibitory regions
                                                                                                                                 Patients (*n* = 8)   

  Bonnet et al. ([@B8])          Motor imagery of a foot pressure on a pedal                           Reflex stimulation        Healthy (*n* = 20)   Inhibitory spinal influences

  Di Rienzo et al. (submitted)   Case study with a C6--C7 quadriplegic patient                         MEG                       Patients (*n* = 1)   Primary sensory area and supplementary motor area

  Jeannerod ([@B85], [@B86])     Review papers                                                         --                        --                   prefrontal cortical areas and/or brainstem and spinal influences

  Kasess et al. ([@B93])         Motor imagery of finger movements                                     fMRI                      Healthy (*n* = 8)    Supplementary motor area

  Lotze et al. ([@B120])         Motor imagery of hand movements                                       fMRI                      Healthy (*n* = 10)   Posterior cerebellum

  Schwoebel et al. ([@B170])     Case study with a patient suffering from bilateral parietal lesions   Psychophysic experiment   Patients (*n* = 1)   Fronto-parietal network

  Solodkin et al. ([@B181])      Motor imagery of a finger-to-thumb opposition task                    fMRI                      Healthy (*n* = 18)   Superior parietal lobule and supplementary motor area

  Deiber et al. ([@B32])         Motor imagery of finger movements                                     TEP                       Healthy (*n* = 10)   Inferior frontal cortex

  Lebon et al. ([@B104])         Motor imagery and mental rotation of a pinching movement              TMS                       Healthy (*n* = 11)   Inferior parietal lobule
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![**The three possible routes of motor command inhibition during motor imagery**.](fnhum-06-00247-g001){#F1}

Conflict of Interest Statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

We thank Patrice Thiriet, Alix Poulot, and Emmanuel Bettler (*Innovation Conception et Accompagnement en Pédagogie* -- ICAP -- Université Claude Bernard Lyon 1) for the Figure template.

[^1]: Edited by: Joel Pearson, The University of New South Wale, Australia

[^2]: Reviewed by: Stephanie D. Preston, University of Michigan, USA; Yoshikazu Ugawa, Fukushima Medical Universtiy, Japan
